Twenty-four patients with aortic valve disease were studied before and 19 ± 12 months following valve replacement with a well functioning prosthesis. Biplane left ventricular angiography and pressures were utilized to determine end-diastolic volume/M2 (EDV), end-systolic volume/m2 (ESV), ejection fraction (EF), left ventricular mass/M2 (LVM) and stroke work (SW). There were nine patients with aortic stenosis (AS), ten patients with combined stenosis and regurgitation (AS-AR), and five patients with aortic regurgi-From the Cardiovascular Disease Section,
DURING THE LAST TEN YEARS, rapid progress has been made in the development of prosthetic and tissue valves for the treatment of aortic valve disease. Although no such device available today is ideal, many are quite satisfactory in their hemodynamic function. Many studies have been reported which characterize the function of both prosthetic' and tissue valves,2 but little detailed attention has been directed toward understanding the effect of aortic valve replacement on the pump function and hypertrophy of the left ventricle. This report describes the function of the left ventricle utilizing pressure and angiocardiographically derived information before and following successful aortic valve surgery in 24 patients operated upon between 1965 and 1973 . The objective of this study is to provide information about the reversibility of left ventricular hypertrophy, dilatation, and abnormalities of left ventricular function following aortic valve replacement.
Methods and Patients
Since the mid-1960s, many patients who have received prosthetic aortic valves have undergone postoperative cardiac catheterization and angiography to evaluate the function of the prosthetic valve. Patients were selected for this analysis because they: 1) had a hemodynamically wellfunctioning aortic valve prosthesis at the time of postoperative catheterization; and 2) had adequate left ventricular pressure and biplane angiographic data from both preoperative and postoperative studies to allow the construction of left ventricular pressure-volume diagrams to assess ventricular performance and hypertrophy.
Since most patients were selected for postoperative study to determine the hemodynamic function of the prosthetic valve, those who were in poor clinical condition following surgery were not catheterized again unless reoperation was being considered. Such patients usually had either prosthetic valve dysfunction or periprosthetic aortic regurgitation and tation (AR). Following surgery, patients with regurgitation preoperatively showed marked regression in EDV and ESV. All groups demonstrated regression in LVM. Fifteen patients with a normal EF preoperatively (65 ± 11%) had no change after surgery; the nine patients with a low EF before surgery (38 ± 8%) had a normal EF after surgery (60 ± 16%). We conclude that left ventricular dilatation, hypertrophy, and reduced left ventricular pump function are largely reversible after successful aortic valve replacement.
were therefore eliminated from this analysis. This selection process tends to exclude from the series those patients who had a poor clinical result.
Twenty-four patients with aortic valve disease comprise this report. There were 20 men and four women. Preoperatively nine patients had pure aortic stenosis (AS) defined as less than 1 L/min of associated aortic regurgitation (AR) as determined angiographically; ten patients with combined aortic stenosis and aortic regurgitation (AS-AR) had more than a 30 mm Hg gradient across the valve and greater than 1 L/min of regurgitation. The remaining five patients had pure AR without any measurable aortic valve gradient.
At the time of surgery, aortic valve replacement included nine homografts, two heterografts, six Starr-Edwards, and seven Cutter-Smeloff valves. Postoperatively the valves were considered to be functioning well if there was no significant regurgitation demonstrated by supravalvular aortography and if the valve orifice was greater than 1.3 cm2 at the time of the postoperative study. No patient had a perivalvular leak, nor did any have evidence of significant hemolysis. For comparative purposes, normal values for quantitative angiographic and left ventricular function information have been obtained in 50 individuals (eight women and 42 men) who had no evidence of heart disease by coronary arteriographic and hemodynamic evaluation.
Preoperatively patients were studied by right and retrograde or transseptal left heart catheterization. Pressures were measured through a fluid-filled angiographic catheter with either a Statham 23 GB or microdisplacement solid state transducer and were recorded on an E for M DR-8 photographic recorder. Special effort was made to achieve an air-free system to produce a high frequency response as previously described from this laboratory.3 Postoperatively the left ventricle was catheterized by the transseptal technique. No prosthetic or homograft valves were crossed with a catheter. Cardiac output was measured by the direct Fick method immediately prior to angiography in close relationship to measurement of pressures in the left ventricle and aorta. Regurgitation was quantitated by comparison of the forward stroke volume determined by the direct Fick method and the angiographically determined stroke volume and expressed in liters per minute.4 Since patients with significant mitral regurgitation were excluded from this study, the volume of calculated regurgitation occurs at the aortic valve.
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Because of errors inherent in the Fick and angiographic methods for determining stroke volume, small volumes of regurgitation were occasionally calculated which were not apparent by supravalvular or left ventricular angiography.5 All patients with significant aortic or mitral regurgitation postoperatively were eliminated from this study.
Preoperatively angiocardiography was carried out with the injection of 50-80 ml of contrast material at a rate of 15-20 ml/sec into the left atrium or left ventricle. Postoperative angiograms were performed with contrast injection into the left atrium. Biplane anterior and left lateral angiographic examination was carried out at either 12 exposures per second and recorded with an Elema-Schonander roll film changer (18 cases) or at 60 frames per second on 35 mm cine film (six cases).
A representative left ventricular pressure complex recorded at 100 mm/sec paper speed just prior to left ventricular injection was digitized at 100 points per second with the aid of an x-y plotter. The angiograms were reviewed, and a normally conducted, well-opacified cardiac cycle not preceded by a premature ventricular beat was selected for analysis. The longest length and area of the ventricle was determined on each film pair and the left ventricular wall thickness determined during end diastole measured at the midportion of the free wall on the AP films. From these data, left ventricular volume and mass were determined by the methods previously described from this laboratory.'-" The ejection fraction (EF) or ratio of left ventricular stroke volume/M2 (SV) to left ventricular end-diastolic volume/M2 (EDV) is reported as a percent. Left ventricular mass/M2 (LVM) determined at end diastole is also corrected for body surface area. Left ventricular systolic work (SW) was determined from the area enclosed by the pressure-volume loop and is expressed in gram meters per beat.
Clinical Results
The clinical results of aortic valve replacement in these 24 patients and each hemodynamic subgroup are presented in table 1, as evaluated an average of 19 ± 12 months following surgery. The change in functional class by NYHA criteria is shown in figure 1 . Nineteen of 24 patients were class III or IV preoperatively; 15 were class I and eight were class II following surgery. The functional aerobic impairment (FAI) as determined by the Bruce maximal treadmill test was measured in 15 of 19 class II and class III patients before and after surgery.10 The FAI is an index of exercise performance which compares the individual patient with a group of normals of similar age, sex, and daily activity status (i.e., active or sedentary). Cardiac patients are considered impaired if their treadmill performance yields an FAI of greater than 20%. Patients with a history of exertional presyncope and those who were class IV were not exercise tested. The group as a whole and those with AS showed a significant improvement in exercise performance following surgery. The nine patients with regurgitant lesions did not show a significant change in exercise performance following aortic valve replacement. The cardiac index as determined at rest prior to angiography in the group as a whole did not improve following surgery, although it did in- Abbreviations: FAI = functional aerobic impairment in percent (%); CI = cardiac index; A AVO2 = arterial venous oxygen difference; LVEDP = left ventricular end-diastolic pressure; AVG = aortic valve gradient; AR = aortic regurgitation. 945 VOL 56, No 6, DECEMBER 1977 Mean values for left ventricular end-diastolic pressure (LVEDP) fell in each subgroup and reached statistical significance in patients with AS-AR and AR and in the group as a whole. The aortic valve gradient fell in patients with AS and those with AS-AR and small valve gradients developed in those with AR. No significant regurgitation was present in these patients following surgery.
The quantitative angiographic data in these patients and in patients without heart disease are presented in table 2. The angiographic heart rate was similar before and after surgery, except in the group with AS-AR. The EDV fell in the group as a whole and in patients with AS-AR and AR. The end-systolic volume/M2 (ESV) also fell in the total group and in the subgroups with AS-AR and AR (figs. 2 and 3).
The EF increased from 55 ± 17% to 63 ± 13% (P < 0.05) in the total group but only showed a significant increase in the subgroup with AS-AR. The 15 patients with a normal EF preoperatively and the nine patients with an EF less than 50% preoperatively were analyzed separately ( fig. 4 ). The mean preoperative EF in the abnormal group was 38 ± 8% and increased postoperatively to 60 ± 16% (P < 0.01). In contrast, the 15 patients with a normal EF preoperatively (mean 65 i11%) showed no change following surgery (mean 65 12%). The five patients with AR had a lower EF before surgery (47 ± 15) and showed little change after surgery (50 ± 13). Only one patient demonstrated a significant decrease in ejection fraction following surgery as shown in figure 4 (marked with an asterisk). This patient sustained an inferior myocardial infarction due to a right coronary artery occlusion during the surgical procedure, explaining the decrease in ejection fraction from 70% preoperatively to 45% postoperatively. He is included in this report because he met other criteria for this study and the ventricle was not greatly Abbreviations: Angio HR = heart rate during angiography; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; EF = ejection fraction; Mass = left ventricular mass; SW = stroke work. distorted after the infarction, making the postoperative volume measurements valid.
The LVM was greatly elevated in all patient subgroups preoperatively and showed a significant decrease in all groups after surgery (fig. 5 ). Patients with AS-AR and AR had larger values for LVM as compared to those with AS as reported previously from this laboratory." SW was elevated in all patient groups before surgery and decreased significantly in the total patient group after surgery.
Discussion
These patients were operated upon over the eight-year period between 1965 and 1973. Various operative teams, cardiopulmonary bypass techniques, and valve prostheses were involved in these procedures. The results of this study are, therefore, not representative of any one method of valve replacement or the results of any one surgical program, but represent the response of the ventricle to replacement of a diseased aortic valve with a well functioning prosthesis. Since there is little quantitative angiographically derived data on left ventricular function and regression of left ventricular hypertrophy following aortic valve surgery, the information on these patients is presented in detail.'2" We have described the clinical response of these patients to their surgical procedure to emphasize the excellent results obtained from valve replacement in 23 of these 24 highly selected patients. Despite this subjective improvement, objective measurement obtained by maximal exercise testing failed to show significant improvement in the two subgroups of patients with significant regurgitation. Of interest is the minimal limitation in preoperative exercise tolerance seen in the five patients with isolated AR (FAI = 29 ± 10%; normal This figure presents the patients divided into those with an ejection fraction (EF) greater than 50% before surgery (left panel) and those with an EF less than 50% before surgery (right panel). Note that seven ofnine patients with an EF less than 50% preoperatively had an EF greater than 50% after surgery. = 0 ± 20%). The resting cardiac index and change in AVO, were not very abnormal preoperatively in these patients and, as expected, did not improve greatly following surgery.
The changes in LVEDP are of interest in these patients as they relate to changes in EDV and LVM. The LVEDP was minimally elevated in the group with AS (14 ± 2.9 mm Hg), a value similar to that reported earlier from our laboratory." The LVEDP fell to 11 mm Hg following surgery, but this change was not significant. There was no change in EDV after surgery in these patients.
The LVEDP was substantially elevated before surgery in AS-AR (22 ± 10 mm Hg) and AR (20 ± 3 mm Hg) and decreased significantly to 11.0 mm Hg after surgery in both groups. These patients had a significant decrease in EDV following surgery. It appears that the decrease in LVEDP parallels the decrease in EDV in these patients. Grossman et al."1 studied late diastolic wall stiffness in patients with pressure and volume overload by a combined echocardiographic dimensional and left ventricular pressure technique. They found that patients with pressure overload had an increase in diastolic stiffness but that the elevated stiffness values seen in patients with volume overload were not different from controls when corrected for left ventricular dilatation. If their findings are applicable to our patients, it is likely that most of the observed reduction in LVEDP is secondary to a reduction in EDV and not to a change in the diastolic properties of the ventricular myocardium.
The decrease in EDV, ESV, and SV following surgery was 
in proportion to the severity of elevation preoperatively and is, to a great extent, determined by the volume of regurgitation present preoperatively. Similar regression in ventricular dilatation has been reported in dogs with inferior vena cava aorta fistulae by Papadimitriou et al.'6 These animals developed marked volume overload, severe elevation in LVEDP, and congestive heart failure associated with significant left ventricular dilatation and hypertrophy and profound changes in the ultrastructure of the myocardium. Morphologic and histologic examination of animals three and six months after fistula closure revealed that left ventricular dilatation reversed rapidly and had returned to normal by three months, but regression of left ventricular hypertrophy was still incomplete at six months. The ultrastructure of the left ventricular myocardium remained distinctly abnormal three months following fistula closure but had returned to nearly normal appearance six months following fistula closure.
The changes in EF following surgery describe the alterations in left ventricular function which occur after aortic valve replacement. Of the 15 patients with a normal EF prior to surgery, only one had a significant reduction following surgery which was clearly related to an intraoperative myocardial infarction. The maintenance of normal EF following valve replacement suggests that adequate myocardial protection during cardiopulmonary bypass and a properly functioning prosthetic valve have allowed myocardial hypertrophy to regress and normal ventricular function to be maintained after surgery.
Of greater importance are the changes observed in left ventricular function in the nine patients with a low EF prior to valve replacement. Of this group, seven of nine had AS or AS-AR. All seven of those with pressure overload increased their EF to greater than 50% following surgery. Of the two with AR, one increased his EF from 22% to 31%, while the other decreased his EF from 48% to 42%. These results suggest that patients with aortic valvular obstruction and low EF preoperatively may be expected to demonstrate improved left ventricular performance, with an increase in EF following aortic valve replacement. Those with AR and low EF preoperatively may have less improvement following valve replacement.
It is not clear if an increase in EF following removal of the aortic valvular obstruction is due to improved left ventricular performance or simply the result of reduced afterload. It is known that an acute increase in afterload such as induced by an angiotensin infusion often results in a reduction in EF.'7 The lowering of peripheral vascular resistance with drugs such as nitroglycerin is also known to increase the EF in some patients with ischemic heart dis- ease.18 Despite these acute observations, we believe that the improvement in EF in seven patients with AS and AS-AR and low EF prior to surgery represents a real improvement in left ventricular function. These studies were carried out more than a year after surgery and, therefore, represent the chronic resting state of left ventricular function in these patients. In contrast to this, the patients with AS and AS-AR who had normal ejection fractions prior to surgery showed no change in EF at late postoperative evaluation. It is not known if patients with very severe depression of left after aortic valve replacement. Unfortunately, such patients still experience a high operative mortality and few postoperative studies are available.
The change in LVM has also been impressive in these patients. The measurement of LVM depends upon an accurate determination of wall thickness and the assumption that left ventricular myocardial hypertrophy occurs in a uniform manner and is accurately represented by the free wall thickness measured on the anteroposterior left ventricular angiogram. These assumptions have previously been shown to be valid in patients with acquired valvular heart disease.7 8 Postoperatively, spurious left ventricular wall thickening due to epicardial and pericardial scarring may occur and would result in an overestimation in LVM. We have no way to be sure this has not occurred but suspect it is not often an important factor because of the uniform reduction in LVM observed in this study and the usual absence of substantial thickening of the pericardium over the free wall in postmortem studies done late following cardiac surgery.
All subgroups showed a significant reduction in LVM, with a mean change of 73 gm/M2 for AS, 79 gm/M2 in AS-AR, and 57 gm/M2 in AR. The mean change for the group was 72 gm/M2. Despite impressive reduction in hypertrophy, in no subgroup did LVM return to within two standard deviations of normal. It is possible that further reduction in hypertrophy will occur in some patients if they continue to have good prosthetic valve function over a longer period of time. These studies are, of course, unable to distinguish myocardium from connective tissue and scar. It is possible that the process of regression in hypertrophy is limited by the myocardial fibrosis which accompanies advanced valvular heart disease. Few serial studies of regression in hypertrophy following valve surgery are available, although estimates of reduction in left ventricular wall thickness with time are possible with current echocardiographic techniques. One such study by Schuler et al. evaluated 13 patients with predominant AR before and seven days, four months, and 18 months after valve replacement."9 These investigators found an early reduction in chamber dimensions and gradual reduction in left ventricular wall thickness. The EF calculated from the echocardiographic data was substantially reduced from 59 ± 5% before to 38 ± 4% at seven days following surgery. At the time of four-month followup, the EF had returned to the preoperative value and was greater than the preoperative control at 18 months.
It was our expectation that SW would be dramatically decreased following aortic valve replacement. Because of wide variability and small numbers in each subgroup, reduction in SW was only significant in the total group. Variation in heart rate and systolic pressure which are important determinants of SW may account for the wide variation between patients. We have evaluated the relationship between the change in LVM and change in SW which results from aortic valve replacement, as shown on figure 6 . There is no correlation between these variables, although 14 of 18 points fall in the quadrant indicating a reduction in both mass and work. In an earlier report from this laboratory, we demonstrated a close relationship between these two variables in seven patients studied before and after homograft valve replacement (r = 0.89)."1 This group included some patients with a poor operative result and in- Although there is not a significant correlation in the change, in 14 of 18 individuals a reduction in work with a reduction in mass. mass after surgery. The failure to confir: relationship between changes in SW and L related in part to the presence of a variabl myocardial fibrosis. 
